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Abstract
The 22q11.2 deletion (22q11DS) is a common chromosomal microdeletion and a potent risk factor for psychotic illness.
Prior studies reported widespread cortical changes in 22q11DS, but were generally underpowered to characterize
neuroanatomic abnormalities associated with psychosis in 22q11DS, and/or neuroanatomic effects of variability in deletion
size. To address these issues, we developed the ENIGMA (Enhancing Neuro Imaging Genetics Through Meta-Analysis)
22q11.2 Working Group, representing the largest analysis of brain structural alterations in 22q11DS to date. The imaging
data were collected from 10 centers worldwide, including 474 subjects with 22q11DS (age= 18.2 ± 8.6; 46.9% female) and
315 typically developing, matched controls (age= 18.0 ± 9.2; 45.9% female). Compared to controls, 22q11DS individuals
showed thicker cortical gray matter overall (left/right hemispheres: Cohen’s d= 0.61/0.65), but focal thickness reduction in
temporal and cingulate cortex. Cortical surface area (SA), however, showed pervasive reductions in 22q11DS (left/right
hemispheres: d=−1.01/−1.02). 22q11DS cases vs. controls were classiﬁed with 93.8% accuracy based on these
neuroanatomic patterns. Comparison of 22q11DS-psychosis to idiopathic schizophrenia (ENIGMA-Schizophrenia Working
Group) revealed signiﬁcant convergence of affected brain regions, particularly in fronto-temporal cortex. Finally, cortical SA
was signiﬁcantly greater in 22q11DS cases with smaller 1.5 Mb deletions, relative to those with typical 3 Mb deletions. We
found a robust neuroanatomic signature of 22q11DS, and the ﬁrst evidence that deletion size impacts brain structure.
Psychotic illness in this highly penetrant deletion was associated with similar neuroanatomic abnormalities to idiopathic
schizophrenia. These consistent cross-site ﬁndings highlight the homogeneity of this single genetic etiology, and support the
suitability of 22q11DS as a biological model of schizophrenia.
Introduction
Micro-deletions or duplications of chromosomal regions
(copy number variants; CNVs) are causally involved in a
range of developmental brain disorders [1]. One such
recurrent CNV is a deletion in the 22q11.2 region, typically
encompassing ~50 protein-coding genes [2], which causes
the 22q11.2 deletion syndrome (22q11DS; OMIM
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#188400, #192430). 22q11DS is one of the most penetrant
genetic risk factors for psychotic illness [3], increasing risk
around 30-fold relative to the general population [4–6].
22q11DS is also associated with varied phenotypic
expression, including cardiac defects, craniofacial anoma-
lies, and intellectual disability [2, 7]. Given its known,
relatively homogeneous genetic etiology, investigation of
this microdeletion offers a unique opportunity to identify
early neural biomarkers of psychosis.
Neuroanatomic alterations in 22q11DS have been
investigated in several single-site studies. Early magnetic
resonance imaging (MRI) studies reported whole-brain
volumetric reductions in 22q11DS, particularly in midline
cortical regions [8–11]. A rostro-caudal gradient of volu-
metric reduction was also reported, with greatest reduction
in occipital lobes, while frontal regions were relatively
preserved [12]. More recent studies have parcellated the
cerebral cortex in detail, investigating measures of cortical
thickness and surface area [13, 14], which may have distinct
genetic and neurobiological origins [15, 16]. Some studies
noted increases in cortical thickness in 22q11DS relative to
controls, with focal thinning in the superior temporal gyrus
and cingulate cortex, along with global reductions in surface
area [8, 13, 14, 17–19]. It is not clear, however, if these
patterns are universally found in 22q11DS. Moreover, in
other neurogenetic conditions larger deletions are associated
with greater phenotypic severity [20]; yet, to our knowl-
edge, no prior studies have investigated the neuroanatomic
effects of variations in 22q11.2 deletion size.
Determining the neural substrates of psychotic illness in
22q11DS has been a major focus of investigation. Meta-
analyses of structural MRI studies of patients with idio-
pathic schizophrenia report lower volumes in frontal and
temporal regions [21–24], including the anterior cingulate
and insula [25, 26]. Some evidence suggests that neuroa-
natomic regions typically disrupted in idiopathic schizo-
phrenia are also linked to psychosis in 22q11DS. Lower
frontal and superior temporal gyrus (STG) gray matter
volumes were observed in adults with 22q11DS and a
schizophrenia diagnosis, relative to 22q11DS adults without
schizophrenia [19, 27, 28]. Kates et al. [29] also found that
progressive volumetric decreases in STG predicted later
psychotic symptoms in 22q11DS youth, and lower cingu-
late gyrus volume was associated with more severe psy-
chotic symptoms [30]. These initial studies support overlap
between neuroanatomic abnormalities in idiopathic schizo-
phrenia and 22q11DS-associated psychosis; however, con-
ﬁrmation in a large-scale study and systematic comparison
of regional changes between psychosis in 22q11DS and
idiopathic schizophrenia are needed.
To address these questions, researchers worldwide
studying cohorts of 22q11.2 deletion carriers formed the
22q11.2 Working Group as part of the Enhancing
NeuroImaging Genetics through Meta-Analysis (ENIGMA)
Consortium [31–33] (http://enigma.ini.usc.edu). With the
goal of data harmonization across sites, this consortium
effort represents the largest-ever analysis of brain structural
alterations in 22q11DS. We addressed the following
research questions:
1. Is there a distinct neuroanatomic signature of
22q11DS?
2. Do cortical metrics differ between 22q11DS indivi-
duals with and without psychosis? Do these neuroa-
natomic patterns overlap with those of idiopathic
schizophrenia?
3. Does the size of the 22q11.2 deletion affect the
magnitude of cortical alterations?
Methods
Participants
Seven-hundred and eighty-nine individuals – 474 22q11DS
subjects and 315 typically developing controls - from
10 study sites in the ENIGMA 22q11DS working group
were included in the analyses. These individuals were
selected from a larger pool of 944 participants, after
excluding related individuals (N= 79) and individuals with
poor quality MRI scans (N= 65) or extreme brain measures
(N= 11). Study inclusion/exclusion criteria and measures
are detailed for each sample in Supplementary Table S1.
Institutional review boards at participating institutions
approved all study procedures. Written informed consent/
assent was obtained from all study participants.
Image acquisition
Thirteen sets of T1-weighted MRI anatomical brain scans
were acquired from 10 participating sites; acquisition
parameters are detailed in Supplementary Table S2. The
imaging data from UCLA, UC Davis and University of
Toronto were each acquired on two different scanners, and
were therefore treated as independent data sets in the
analyses.
Image processing
De-identiﬁed scans from each site were transferred to secure
UCLA servers; image processing and analyses were con-
ducted on secure USC Laboratory of Neuro Imaging
(LONI) servers. Scans were processed using FreeSurfer
(version 5.3.0) [34]. Quality control was performed for each
scan, including visual inspection and the use of standardized
ENIGMA quality control procedures (http://enigma.ini.usc.
D. Sun et al.
edu/protocols/imaging-protocols) [35, 36]. Applying Free-
Surfer’s reconstruction pipeline, local cortical thickness
(CT) and surface area (SA) were calculated on each vertex
of reconstructed hemispheric surface model [37], and sta-
tistical analyses were conducted on each vertex. Measures
of CT and SA were also obtained from 68 cortical regions
(34 per hemisphere), based on the Desikan–Killiany atlas
[38], and these regional measures were used to identify
appropriate modeling for the above-mentioned surface-
based analyses (see Supplementary Methods for details).
Statistical analyses
22q11DS vs. control differences
This comparison included 701 individuals (22q11DS n=
386; control n= 315) from 11 data sets involving 9 study
sites; subjects from 2 sites (Toronto and Utrecht) that had
no healthy control data were excluded from this analysis.
Group differences in CT and SA were examined using
general linear models (GLM), with each brain measure as
the dependent variable and group as the independent vari-
able, adjusted for data set/site, sex, and age. Based on data
visualization and model comparisons (Supplementary Fig-
ure S1a,b; Supplementary Tables S3a,b), age effects were
modeled linearly for SA, while a quadratic term was
included in the model for CT. Interactions between group,
sex, and age were largely non-signiﬁcant (Supplementary
Tables S4a,b; S5a,b) and therefore not included in the
models. Because intracranial volume (ICV) was sig-
niﬁcantly correlated with global SA but not CT (Supple-
mentary Figure S2), ICV was included as a covariate only
for SA comparisons, in all analyses. Treating data set as a
random variable, mixed linear models were also used for
comparison (see Supplemental Methods). Cohen’s d effect
size estimates were derived from t-values for the group
differences [39]. For all signiﬁcance tests, the False Dis-
covery Rate (FDR) [40] with q-value at 0.05 was applied to
control false positive errors due to multiple comparisons.
FDR-corrected p-values below 0.05 were considered sig-
niﬁcant. All surface-based analyses were conducted using
FreeSurfer’s mri_glmﬁt. Tests for individual cortical regions
were performed in the R statistical environment [41].
22q11DS vs. control classiﬁcation analysis
To examine how accurately 22q11DS subjects can be dif-
ferentiated from controls based on cortical measures, a
machine-learning based classiﬁcation analysis was con-
ducted on the regional CT and SA values from the same
data sets described above using Glmnet. Glmnet uses an L1-
norm regularization to ﬁt a generalized linear model. It
implements built-in feature selection, and is robust when
predictors are highly correlated [42]. The Caret package
[43] in R was used to facilitate training and testing. Spe-
ciﬁcally, the whole data set was randomly divided into
training sets and testing sets 20 times at a ratio of 3:1. For
each division, 10-fold cross-validations were conducted on
the training set to achieve an optimized model, which was
then applied to testing data to evaluate classiﬁcation accu-
racy. Sensitivity, speciﬁcity, and accuracy of group pre-
diction were averaged over the 20 divisions.
To further test the reliability of prediction, brain scans
from the two sites with only 22q11DS cases (n= 88) were
used as an independent validation data set, to which the
model trained from the above-mentioned data was applied.
Effects of psychosis on brain structure
To compare cortical measures between 22q11DS subjects
with (22q11DS+ Psychosis) and without psychosis
(22q11DS-No-Psychosis), each 22q11DS+ Psychosis sub-
ject was matched to a 22q11DS-No-Psychosis subject at the
same site, with the same sex, and closest age. Psychosis
diagnosis was determined by structured clinical interview at
each site; for a subset, diagnoses were validated across sites
via a consensus procedure [44] (see Supplementary Meth-
ods, Table S1). Group comparisons were conducted using
GLM controlling for site, sex, and age. No group x age
interactions were signiﬁcant, and thus were not included in
statistical models. Based on statistical model comparisons,
age was treated as a linear term for both CT and SA
(Supplementary Tables S6a,b). As in the above analyses,
ICV was adjusted for SA comparisons. Secondly, we con-
ducted a classiﬁcation analysis using the same
Glmnet algorithm described above, in order to determine
whether we could accurately distinguish 22q11DS cases
with psychosis from those without, based on neuroanatomic
patterns.
Pattern similarity in cortical measures between 22q11DS
with psychosis and idiopathic schizophrenia
To further clarify if psychosis-related brain alterations in
22q11DS resemble the pattern observed in idiopathic schi-
zophrenia, we correlated the effect sizes (Cohen’s d) for
cortical measures from the comparison of psychotic vs. non-
psychotic 22q11DS subjects with those from the ENIGMA
schizophrenia working group, the largest meta-analysis of
structural brain alterations in schizophrenia (4474 patients
with idiopathic schizophrenia; 5098 healthy controls) [45].
To investigate the speciﬁcity of the above correlation, a
parallel analysis was conducted for psychotic vs. non-
psychotic 22q11DS compared to major depressive disorder
(MDD; N= 1902) vs. healthy controls (N= 7658) from the
ENIGMA MDD Working Group [35].
Large-cale mapping of cortical alterations in 22q11.2 Deletion syndrome: convergence with…
Proximal nested (A–B) vs typical (A–D) 22q11.2 deletions
The combined data sets of 22q11DS subjects included
microdeletions of variable size; the large sample size
allowed comparison of anatomical effects of the two most
frequent 22q11.2 deletion types, the typical ~3 Megabase
(Mb) A–D deletion (present in ~85% of cases) and the
smaller, nested ~1.5 Mb A–B deletion (present in ~10% of
cases) [2]. Deletion size was determined using multiplex
ligation-dependent probe ampliﬁcation (MLPA) [46]. Each
subject with an A–B deletion was matched with
4–5 subjects with A–D deletions, and 4–5 healthy controls,
based on same site and sex, and closest age. The three
groups were compared in an analysis of covariance
(ANCOVA) model, controlling for site, sex, and age, with
post-hoc pairwise contrasts between each group. Age2 [2]
was modeled for CT, as signiﬁcant quadratic age effects
were observed; however, age was modeled linearly for SA,
as no signiﬁcant nonlinear effects were observed (Supple-
mentary Tables S7a,b). Again, ICV was covaried in SA
comparisons.
Medication, Handedness and IQ Effects
Secondary analyses addressed effects of medication usage,
handedness and IQ on cortical structure (Supplementary
Methods, Table S8).
Results
22q11DS vs. control differences
There were no differences in sex or age between 22q11DS
subjects and controls, either within each site, or when all
sites were combined (Table 1). However, a greater pro-
portion of controls were right-handed and, as expected,
controls had signiﬁcantly higher IQ than 22q11DS cases.
As such, these variables were examined in secondary ana-
lyses, as noted above.
Overall brain metrics were highly consistent across sites
(Supplementary Figure S3 and Table S9). We found wide-
spread reductions in SA, along with globally thicker cortical
gray matter in 22q11DS subjects relative to controls. The
spatial pattern of thicker cortex in 22q11DS resembled that
of SA reduction, with the exception of thicker cortex in
bilateral insula, and thinner cortex relative to controls in
bilateral parahippocampal and superior temporal gyri, and
left caudal anterior cingulate cortex (Fig. 1a). The most
prominent SA reductions were found bilaterally in the
medial occipital and anterior cingulate cortex; superior par-
ietal cortex and rostral middle frontal gyrus were among the
lateral regions showing signiﬁcantly smaller SA in 22q11DS
vs. controls (Fig. 1b). Effect sizes and p-values of regional
CT and SA differences are shown in Supplementary
Tables S10a,b, respectively, indicating that effect sizes for
reduced SA in 22q11DS vs. controls were roughly twice the
size of the effects for increased CT. Scatterplots displaying
these results are in Supplementary Figures S4a,b. The
overall pattern of ﬁndings remained the same when mixed-
effects models were used [Supplementary Table S11a,b].
22q11DS vs. control classiﬁcation
An average classiﬁcation accuracy of 93.8% (p= 4.46 ×
10−26, sensitivity 94.2%; speciﬁcity 93.3%) was achieved
across 20 runs (Supplementary Table S12a). The top ﬁve
contributors to the overall accuracy of the model were SA in
the left caudal anterior cingulate, precentral gyrus, and
bilateral cuneus, and CT in the left insula (Supplementary
Table S12b). When the classiﬁer derived from the 11 data
sets with cases and controls was applied to the 2 data sets
with only 22q11DS cases, a classiﬁcation sensitivity of
100% was achieved (i.e., all were classiﬁed as cases).
Effects of psychosis on brain structure
The matched groups of 22q11DS+ Psychosis (n= 60) and
22q11DS-No-Psychosis (n= 60) were similar in demo-
graphic characteristics, although those with psychosis had
signiﬁcantly lower IQ and increased proportion of anti-
psychotic medication usage, as expected (Supplementary
Table S13a,b).
Relative to the 22q11DS-No-Psychosis group, the
22q11DS+ Psychosis group showed signiﬁcantly thinner
cortex in the left superior temporal gyrus and lateral occipital
cortex, and right medial superior frontal, cingulate, pre- and
post-central, and supramarginal gyri (Fig. 2). No signiﬁcant
differences in SA were found between 22q11DS subjects
with and without psychosis. Effect sizes and p-values for
cortical regions are presented in Supplementary Table S14a,
b, which showed signiﬁcant CT differences across several
frontal and temporal regions. Overall, the cortex was sig-
niﬁcantly thinner in 22q11DS+ Psychosis, with similar,
moderate effect sizes in the right and left hemispheres (d=
−0.63 and −0.58, respectively; see Supplementary Fig-
ures S5a, b for scatterplots of regional differences in CT and
SA). However, the overall classiﬁcation of the two groups
was not signiﬁcant (accuracy 61.2%, p= 0.19), when the
same Glmnet procedure detailed above was applied.
Pattern similarity in cortical measures between
22q11DS+ Psychosis and idiopathic schizophrenia
Effect sizes in Cohen’s d for regional CT deﬁcits in
22q11DS+ Psychosis versus 22q11DS-No-Psychosis were
D. Sun et al.
signiﬁcantly correlated with those in the ENIGMA idio-
pathic schizophrenia vs. control comparisons (r= 0.446,
p= 1.4 × 10−4). In contrast, the same effect sizes were not
correlated with those in the ENIGMA MDD vs. control
comparisons (r= 0.061, p= 0.619). Scatterplots for the
effect size correlations are shown in Fig. 3a,b.
Proximal nested (A–B) vs typical (A–D) deletions vs.
controls
After demographic matching, 23 22q11DS subjects with
A–B deletions, 108 subjects with A–D deletions, and 87
control subjects were compared using ANCOVA (see
demographics in Supplementary Tables S15a,b).
The anatomical patterns of CT and SA differences
between subjects with A–D deletions and controls (upper
panels of Fig. 4a,b) resembled those in the overall case-
control comparisons (Fig. 1).
Compared to healthy controls, subjects with A–B dele-
tions showed signiﬁcantly thinner cortex in the left anterior
superior temporal gyrus and right posterior cingulate gyrus,
and thicker cortex in bilateral pericalcarine and inferior
frontal regions (Fig. 4a, middle panel). Subjects with A–B
deletions also showed signiﬁcantly reduced SA in bilateral
medial occipital and cingulate cortex, as well as increased
SA in sensorimotor cortex (Fig. 4b, middle panel).
Relative to those with smaller (A–B) deletions, 22q11DS
subjects with A–D deletions showed highly signiﬁcant,
widespread reductions in cortical SA, most prominently in
the anterior portion of the medial cortical surface and
widely distributed lateral cortical regions (Fig. 4b, bottom
panel). No differences in CT between A–B and A–D
deletion cases surpassed FDR correction.
Scatterplots of regional differences in CT and SA
between 22q11DS subjects with A–B vs. A–D deletions and
vs. controls are shown in Supplementary Figures S6a,b,
respectively; t-values and signiﬁcance levels are presented
in Supplementary Tables S16a,b. These results are very
similar to the vertex-wise analysis results, indicating robust
effects of deletion size on regional cortical SA, most pro-
minently in frontal and parietal regions.
Medication, handedness and IQ effects on cortical
measures
Possible effects of medications on regional cortical mea-
sures in 22q11DS subjects were assessed using GLMs
(see Supplementary Methods). No signiﬁcant associations
were detected between psychotropic medications at the time
of MRI scan and either CT or SA (Supplementary
Table S17a,b) in any cortical regions. Analysis within the
22q11DS+ Psychosis group also showed minimal effects
of antipsychotic medication on cortical measuresTa
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(Table S18a,b). Similarly, effect sizes and signiﬁcance
levels for group differences were not substantively changed
by covarying handedness (Supplementary Table S19a,b).
Finally, patterns of group differences and signiﬁcance levels
largely remained unchanged when IQ was included a cov-
ariate, in overall case-control analyses (Supplementary
Figures S7a,b) and when comparing 22q11DS cases with
and without psychosis (Supplementary Figure S8).
Discussion
This study, the largest neuroimaging investigation ever
conducted of this well-characterized 22q11.2 deletion,
revealed several key ﬁndings. First, compared to healthy
controls, individuals with 22q11DS showed: (1) widespread
thicker cortex bilaterally (left/right hemisphere d= 0.614/
0.648), with the notable exception of thinner superior
temporal, cingulate, and parahippocampal cortex and (2)
widespread reductions in cortical SA; almost double the size
of the effects observed for CT (left/right hemisphere d=
−1.014/−1.021), with effects of greatest magnitude in
parieto-occipital regions and the anterior cingulate. Sec-
ondly, 22q11DS subjects with psychosis showed sig-
niﬁcantly thinner cortex relative to those without a history
of psychosis, with the strongest effects in fronto-temporal
regions that are also most prominently affected in idiopathic
psychosis [26, 47]. Finally, we found for the ﬁrst time that
Fig. 1 Vertex-Wise Mapping of Difference in CT and SA between
22q11DS and Healthy Control Subjects. a shows vertex-wise differ-
ences in CT, and b shows vertex-wise differences in SA. Colored areas
show p-values for group differences after FDR correction (q= 0.05)
for all vertices across both left and right cortical surfaces. Blue colors
represent signiﬁcant increases in 22q11DS subjects compared to
healthy controls, whereas red-yellow colors represent signiﬁcant
reductions in 22q11DS subjects. Compared to controls, subjects with
22q11DS showed greater CT and smaller SA, most prominently in the
posterior medial cortex including bilateral cuneus, precuneus, lingual
gyrus, pericalcarine cortex, and bilateral medial and lateral frontal
cortex. Subjects with 22q11DS showed a distinctive reduction of both
CT and SA in bilateral cingulate cortex. They also had reduced CT in
the superior temporal gyrus, and greater SA in the superior parietal
cortex and rostral middle frontal gyrus.
Fig. 2 Mapping of CT Differences between 22q11DS+ Psychosis and
22q11DS-No-Psychosis. Colored areas show p-values of group dif-
ference, and white circles include regions that pass FDR correction at
q= 0.05. Blue colors represent thicker cortical gray matter in
22q11DS+ Psychosis compared to 22q11DS-No-Psychosis, and red-
yellow colors represent thinner cortical gray matter in 22q11DS+
Psychosis vs. 22q11DS-No-Psychosis. Compared to those without
psychosis, 22q11DS subjects with psychosis showed signiﬁcantly
thinner cortex in the left superior temporal gyrus and lateral occipital
cortex, and right medial superior frontal, cingulate, pre- and post-
central, and supramarginal gyri
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larger deletion size was associated with signiﬁcantly
reduced cortical SA.
The prominent reductions in posterior SA we observed in
22q11DS cases overall may explain the previously observed
rostral-caudal gradient of volumetric deﬁcits [12]. Further,
the neuroanatomic signature of 22q11DS was so robust that
cases could be classiﬁed with high accuracy. Our ﬁndings
are consistent with imaging ﬁndings in the 22q11DS mouse
model, indicating differentially lower SA in posterior
brain regions with relative preservation of frontal regions
[48, 49].
To our knowledge, this is the largest-ever comparison of
demographically well-matched 22q11DS cases with and
without psychotic disorder. Findings of thinner fronto-
temporal cortex in 22q11DS+ Psychosis align well with
volumetric ﬁndings from prior, smaller studies [19, 28], but
the enhanced power of this multisite study revealed a more
extensive network of cortical regions. Effect sizes for the
signiﬁcant regional CT deﬁcits were in the medium range
(d= 0.45–0.70), similar to effect sizes for CT differences
between idiopathic schizophrenia cases and healthy controls
(d=−0.530/−0.516 for left/right hemisphere, respectively)
[47]. Indeed, our cross-diagnosis correlational analysis
indicated signiﬁcant convergence with brain regions pre-
dominantly affected in idiopathic schizophrenia, which is
supported by similar ﬁndings at the clinical phenotypic
level [50, 51]. Furthermore, the divergence with neuroana-
tomic effects of MDD indicates speciﬁcity of the brain
anatomic phenotype of 22q11DS+ Psychosis.
Our study also provides the ﬁrst evidence for phenotypic
differences as a function of deletion size. Prior, small stu-
dies found no detectable effect of deletion size on pheno-
typic severity [52–54], but these studies were likely
underpowered and, to our knowledge, none thus far inves-
tigated deletion size in relation to brain structure. Larger
A–D deletions were associated with substantially reduced
Fig. 3 Pattern similarity in CT deﬁcits between 22q11DS with psy-
chosis and idiopathic schizophrenia, in contrast to major depressive
disorder (MDD). Here we correlated the effect sizes (Cohen’s d) for
regional CT measures from the comparison between 22q11DS+
Psychosis and 22q11DS-No-Psychosis groups with those from the
ENIGMA Schizophrenia working group [47], in contrast to the
ENIGMA MDD study [35]. a Correlation in the effect sizes of CT
deﬁcits between idiopathic schizophrenia and 22q11+ Psychosis;
b Correlation in the effect sizes of CT deﬁcits between MDD and
22q11+ Psychosis. The effect sizes for CT deﬁcits from psychotic vs.
non-psychotic 22q11DS comparisons were signiﬁcantly correlated
with those in ENIGMA idiopathic schizophrenia vs. control compar-
isons. In contrast, the same effect sizes were not signiﬁcantly corre-
lated with those in ENIGMA MDD vs. control comparisons. Both x-
and y-axes represent effect sizes in Cohen’s d in the above-mentioned
comparison for all 68 cortical regions derived from the FreeSurfer
cortical parcellation. Abbreviations of the cortical regions are adopted
from the brainGraph package [67] as follows: BSTS banks of superior
temporal sulcus, cACC caudal anterior cingulate cortex, cMFG caudal
middle frontal gyrus, CUN cuneus, ENT entorhinal cortex, FUS fusi-
form gyrus, IPL inferior parietal cortex, ITG inferior temporal gyrus,
iCC isthmus cingulate cortex, LOG lateral occipital cortex, LOF lateral
orbitofrontal cortex, LING lingual gyrus, MOF medial orbitofrontal
cortex, MTG middle temporal gyrus, PARH parahippocampal gyrus,
paraC paracentral, lobule, pOPER pars opercularis of inferior frontal
gyrus, pORB pars orbitalis of inferior frontal gyrus, pTRI pars, trian-
gularis of inferior frontal gyrus, periCAL pericalcarine cortex, postC
post-central gyrus, PCC posterior, cingulate cortex, preC precentral
gyrus, PCUN precuneus, rACC rostral anterior cingulate corte, rMFG
rostral, middle frontal gyrus, SFG superior frontal gyrus, SPL superior
parietal cortex, STG superior temporal gyrus, SMAR supramarginal
gyrus, FP frontal pole, TP temporal pole, TT transverse temporal
gyrus, INS insula. L left, R right
Large-cale mapping of cortical alterations in 22q11.2 Deletion syndrome: convergence with…
cortical SA, but not CT changes, compared to the smaller
A–B deletions, suggesting speciﬁc effects of deletion size
on cortical SA. Also of note, neuroanatomic differences
between individuals with A–B deletions and controls
showed a much narrower cortical distribution, restricted to
pericalcarine regions, relative to typical (A–D) 22q11DS
case vs. control differences.
Regarding developmental effects, we did not see much
evidence for divergent trajectories of cortical development
for 22q11DS cases overall, as few group x age interactions
Fig. 4 Vertex-wise mapping of differences in CT and SA, between A–B, A–D Deletion, and Control Subjects. For all ﬁgures, colored areas show
p-values of group difference that remain signiﬁcant after FDR correction (q= 0.05) for all vertices across both left and right cortical surfaces. The
positive and negative directions in the color-bars indicate the signs of differences after subtracting one group from another labelled on the left side.
a Differences in CT between A–B deletion, A–D deletion and control subjects. Compared to controls, subjects with A–B deletions showed thicker
cortex (in blue colors) in bilateral pericalcarine cortex and bilateral inferior frontal gyrus, and thinner cortex (in red-yellow colors) in the left
anterior superior temporal gyrus and right posterior cingulate cortex. Subjects with A–B deletions showed no signiﬁcant difference in CT in any
cortical region. The comparison of CT between subjects with A–D deletions and controls showed a similar pattern of group differences to the
overall 22q11DS case-control analysis (Fig. 1a), although effects were diminished. b Difference in SA between A–B deletion, A–D deletion, and
control subjects. Compared to controls, subjects with A–B deletions showed signiﬁcantly reduced SA (in red-yellow colors), more prominent in the
posterior portion of the medial and inferior cortical surface, including the bilateral cuneus, precuneus, pericalcarine, lingual, fusiform, and inferior
temporal regions, and caudal anterior cingulate. Increased SA in A–B deletion cases vs. controls was observed in bilateral precentral, paracentral,
and medial orbitofrontal regions (in blue colors). Compared to subjects with A–B deletions, subjects with A–D deletions showed widespread
signiﬁcant cortical SA reductions (in red-yellow colors), most prominently in the anterior portion of the medial cortical surface, including the
paracentral lobules, cingulate, precentral, superior frontal regions, and widely distributed lateral cortical regions. Like CT, the comparisons of SA
between subjects with A–D deletions and controls showed a similar pattern of group differences to the overall 22q11DS case-control analysis
(Fig. 1b), although effects were diminished
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were signiﬁcant. One prior longitudinal study observed
delayed prefrontal thinning over a three-year follow-up
period in adolescent patients with 22q11DS [55]. Given the
wide age range of our sample, with fewer participants at the
extreme ends of the age distribution, we may not have had
sufﬁcient power to detect interactions if they were present
primarily in these developmental periods. These questions
warrant further investigation in large, prospective long-
itudinal studies. In typical development, cortical thinning
begins between ages 2 to 4 years and continues across the
lifespan, whereas cortical SA follows a nonlinear matura-
tional trajectory beginning in fetal development [56, 57],
although it appeared largely linear within the age range
investigated here. Increased progenitor cell production
during embryonic development predominantly inﬂuences
expansion of SA [58–61]; in contrast, CT depends on the
neuronal output from each radial unit, and is thus con-
sidered a proxy for the number of cells in a column [58, 60].
As such, the observed pervasive SA decreases in 22q11DS
may reﬂect reduced progenitor cell production in multiple
cortical regions, implying that this distinctive phenotype in
22q11DS originates early in the course of brain
development.
Currently, the precise genetic mechanisms underlying
disrupted cortical circuit formation, and the dramatically
elevated risk for psychosis in 22q11DS are unknown. Most
of the protein-coding genes within the region are highly
brain-expressed [62], with several involved in early neuro-
development. Some of these (e.g., RANBP1, CDC45L) are
selectively expressed in cortical progenitors in the ven-
tricular/subventricular zones, whereas others (e.g., DGCR8,
involved in microRNA biogenesis) are more broadly
expressed in cortical neurons [63]. As RANBP1 plays a role
in rapidly dividing precursors in the developing brain,
hemizygosity of this gene may lead to a reduction in the
overall pool of cortical radial glial progenitors [64], and
thus smaller cortical area. 22q11DS mouse models show
widespread deﬁcits in dendritic complexity and spine den-
sity, altered synaptic plasticity, and reduced hippocampal-
prefrontal synchrony, changes that correlates with working
memory impairments [65]. However, further studies are
needed to isolate the precise genes responsible for the ele-
vated psychosis risk and pattern of neuroanatomic
abnormalities observed here.
One key advantage of this study is that we were able to
conduct all analyses on raw data, ensuring consistent data
processing and allowing vertex-wise analyses, results of
which were highly consistent with ROI analyses. Some
limitations, however, must be noted. The cross-site varia-
bility in age, stage of the disease, incidence of psychosis,
and distribution of deletion types potentially confounded
cortical measures. For this reason, we matched site/data set,
sex, and age in several comparisons to address this
variability. Given that only ~10% of 22q11.2 deletions
overall are of the A–B type [2], this group is necessarily
small; although effect sizes for SA differences were large,
these ﬁndings nevertheless warrant replication in indepen-
dent samples. Further, some 22q11DS subjects without
psychosis in the current analyses might develop symptoms
at a later point, so their inclusion in the non-psychotic group
would likely have attenuated real group differences. Also,
investigation of the neuroanatomic effects of other common
associated comorbidities of 22q11DS (e.g., cardiac defects,
autism spectrum disorders) was outside the scope of this
study, but should be pursued in follow-up studies in simi-
larly sized samples.
This genetically-deﬁned neurodevelopmental condition
offers a biologically tractable framework to dissect genetic
mechanisms underlying brain phenotypes associated with
complex neuropsychiatric disorders. Importantly, the brain
phenotype of 22q11DS+ Psychosis is substantially shared
with idiopathic schizophrenia, suggesting that genetic sub-
types of psychosis can provide insights into brain
mechanisms associated with psychosis more broadly. Cur-
rently, a large-scale whole genome sequencing study
(International 22q11.2 Brain-Behavior Consortium; IBBC)
[44] is underway to investigate both rare and common
variants that may contribute to psychosis risk in these
patients [66]. This large-scale ‘genetics ﬁrst’ approach, in
combination with translational studies in animal and in vitro
models, is likely to yield novel insights into the elusive
molecular biology of psychosis.
Disclaimer
These funding sources had no further role in study design,
in the collection, analysis, and interpretation of the data, in
the writing of the report, nor in the decision to submit the
paper for publication.
Acknowledgements The 22q- ENIGMA working group gratefully
acknowledges support from the NIH Big Data to Knowledge (BD2K)
award (U54 EB020403 to PMT). This manuscript was also supported
by grants from the National Institute of Mental Health: RO1
MH085953 and R01MH100900 (CEB), the Miller Family Endowed
Term Chair at the UCLA Brain Research Institute (CEB), Neurobe-
havioral Genetics Predoctoral Training Grant (5T32MH073526) to CC
and AL, NIMH grant 5U01MH101723-02, by the Canadian Institutes
of Health Research (MOP numbers 79518, 89066, 97800 and 111238
to ASB, 74631 to EWCC), by the Canada Research Chair in Schi-
zophrenia Genetics and Genomic Disorders (ASB), the Dalglish Chair
at the University Health Network, Toronto (ASB) and a Brain Canada
Mental Health Training Award and a Canadian Institutes of Health
Research Frederick Banting and Charles Best Canada Graduate
Scholarship (NJB); NIH U01 MH087626 (REG), U01MH101719
(REG), MH089983 (REG); U01 MH087636 (BE and DMcD), the
Wellcome Trust, Strategic Award (100202/Z/12/Z to MO); the Well-
come Trust (MO), Clinical Research Training Fellowship (102003/Z/
Large-cale mapping of cortical alterations in 22q11.2 Deletion syndrome: convergence with…
13/Z); the Wellcome Trust, Institutional Strategic Support Fund (MO);
the National Institute of Mental Health (NIMH 5UO1MH101724 to
MO, MvdB); the Waterloo Foundation (WF 918-1234 to MO) and the
Baily Thomas Charitable Fund (2315/1 to MO). We thank the parti-
cipants and their families for being a part of our research. We also
thank the ENIGMA-MDD and ENIGMA-Schizophrenia Working
Groups for sharing their data for comparative analysis.
Author contributions Protocol design: DS, PMT, CEB; Data proces-
sing and statistical analysis: DS Data collection and funding: All
authors Manuscript preparation: DS, AL, JKF, LK, LH, TGVE, CEB
Critical revisions of manuscript content: All authors contributed edits
and approved the content of the manuscript.
Compliance with ethical standards
Conﬂict of interest DMcD is a member of the Speaker’s Bureau for
Natera. The remaining authors declare that they have no conﬂict of
interest.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
References
1. Sebat J, Levy DL, McCarthy SE. Rare structural variants in
schizophrenia: one disorder, multiple mutations; one mutation,
multiple disorders. Trends Genet. 2009;25:528–35.
2. McDonald-McGinn DM, Sullivan KE, Marino B, Philip N,
Swillen A, Vorstman JA, et al. 22q11.2 deletion syndrome. Nat
Rev Dis Prim. 2015;1:15071.
3. CNV, Schizophrenia Working Groups of the Psychiatric Genomics
Consortium, Psychosis Endophenotypes International Consortium.
Contribution of copy number variants to schizophrenia from a
genome-wide study of 41,321 subjects. Nat Genet. 2017;49:27–35.
4. Bassett AS,Chow EW, Schizophrenia and 22q11.2 deletion syn-
drome. Curr Psychiatry Rep. 2008;10:148–57.
5. Green T, Gothelf D, Glaser B, Debbane M, Frisch A, Kotler M,
et al. Psychiatric disorders and intellectual functioning throughout
development in velocardiofacial (22q11.2 deletion) syndrome. J
Am Acad Child Adolesc Psychiatry. 2009;48:1060–8.
6. Schneider M, Debbane M, Bassett AS, Chow EW, Fung WL, van
den Bree M, et al. Psychiatric disorders from childhood to
adulthood in 22q11.2 deletion syndrome: results from the Inter-
national Consortium on Brain and Behavior in 22q11.2 Deletion
Syndrome. Am J Psychiatry. 2014;171:627–39.
7. Schmock H, Vangkilde A, Larsen KM, Fischer E, Birknow MR,
Jepsen JR, et al. The Danish 22q11 research initiative. BMC
Psychiatry. 2015;15:220.
8. Bearden CE, van Erp TG, Dutton RA, Tran H, Zimmermann L,
Sun D, et al. Mapping cortical thickness in children with 22q11.2
deletions. Cereb Cortex. 2007;17:1889–98.
9. Eliez S, Schmitt JE, White CD, Reiss AL. Children and adoles-
cents with velocardiofacial syndrome: a volumetric MRI study.
Am J Psychiatry. 2000;157:409–15.
10. Kates WR, Burnette CP, Jabs EW, Rutberg J, Murphy AM,
Grados M, et al. Regional cortical white matter reductions in
velocardiofacial syndrome: a volumetric MRI analysis. Biol
Psychiatry. 2001;49:677–84.
11. Campbell LE, Daly E, Toal F, Stevens A, Azuma R, Catani M,
et al. Brain and behaviour in children with 22q11.2 deletion
syndrome: a volumetric and voxel-based morphometry MRI
study. Brain. 2006;129:1218–28.
12. Tan GM, Arnone D, McIntosh AM, Ebmeier KP. Meta-analysis of
magnetic resonance imaging studies in chromosome 22q11.2
deletion syndrome (velocardiofacial syndrome). Schizophr Res.
2009;115:173–81.
13. Jalbrzikowski M, Jonas R, Senturk D, Patel A, Chow C, Green
MF, et al. Structural abnormalities in cortical volume, thickness,
and surface area in 22q11.2 microdeletion syndrome: Relationship
with psychotic symptoms. Neuroimage Clin. 2013;3:405–15.
14. Schmitt JE, Vandekar S, Yi J, Calkins ME, Ruparel K, Roalf DR,
et al. Aberrant cortical morphometry in the 22q11.2 deletion
syndrome. Biol Psychiatry. 2015;78:135–43.
15. Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, Fox
PT, et al. Cortical thickness or grey matter volume? The impor-
tance of selecting the phenotype for imaging genetics studies.
Neuroimage. 2010;53:1135–46.
16. Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL,
Prom-Wormley E, Neale M, et al. Distinct genetic inﬂuences on
cortical surface area and cortical thickness. Cereb Cortex.
2009;19:2728–35.
17. Bearden CE, van Erp TG, Dutton RA, Lee AD, Simon TJ, Cannon
TD, et al. Alterations in midline cortical thickness and gyriﬁcation
patterns mapped in children with 22q11.2 deletions. Cereb Cortex.
2009;19:115–26.
18. Scariati E, Padula MC, Schaer M, Eliez S. Long-range dyscon-
nectivity in frontal and midline structures is associated to psy-
chosis in 22q11.2 deletion syndrome. J Neural Transm (Vienna).
2016;123:823–39.
19. Chow E, Ho A, Wei C, Voormolen EHJ, Crawley AP, Bassett A.
Association of schizophrenia in 22q11.2 deletion syndrome and
gray matter volumetric deﬁcits in the superior temporal gyrus. Am
J Psychiatry. 2011. https://doi.org/10.1176/appi.ajp.2010.
10081230.
20. Jenne DE, Tinschert S, Reimann H, Lasinger W, Thiel G,
Hameister H, et al. Molecular characterization and gene content of
breakpoint boundaries in patients with neuroﬁbromatosis type 1
with 17q11.2 microdeletions. Am J Hum Genet. 2001;69:516–27.
21. Arango C, Kahn R. Progressive brain changes in schizophrenia.
Schizophr Bull. 2008;34:310–1.
22. Hulshoff Pol HE, Kahn RS. What happens after the ﬁrst episode?
A review of progressive brain changes in chronically ill patients
with schizophrenia. Schizophr Bull. 2008;34:354–66.
23. Shepherd AM, Matheson SL, Laurens KR, Carr VJ, Green MJ.
Systematic meta-analysis of insula volume in schizophrenia. Biol
Psychiatry. 2012;72:775–84.
24. van Erp TG, Hibar DP, Rasmussen JM, Glahn DC, Pearlson GD,
Andreassen OA, et al. Subcortical brain volume abnormalities in
2028 individuals with schizophrenia and 2540 healthy controls via
the ENIGMA consortium. Mol Psychiatry. 2016;21:585.
25. Ellison-Wright I, Glahn DC, Laird AR, Thelen SM, Bullmore E.
The anatomy of ﬁrst-episode and chronic schizophrenia: an ana-
tomical likelihood estimation meta-analysis. Am J Psychiatry.
2008;165:1015–23.
26. Glahn DC, Laird AR, Ellison-Wright I, Thelen SM, Robinson JL,
Lancaster JL, et al. Meta-analysis of gray matter anomalies in
D. Sun et al.
schizophrenia: application of anatomic likelihood estimation and
network analysis. Biol Psychiatry. 2008;64:774–81.
27. Bakker G, Caan MW, Vingerhoets WA, da Silva-Alves F, de
Koning M, Boot E, et al. Cortical morphology differences in
subjects at increased vulnerability for developing a psychotic
disorder: a comparison between subjects with ultra-high risk and
22q11.2 deletion syndrome. PLoS One. 2016;11:e0159928.
28. van Amelsvoort T, Daly E, Henry J, Robertson D, Ng V, Owen
M, et al. Brain anatomy in adults with velocardiofacial syndrome
with and without schizophrenia: preliminary results of a structural
magnetic resonance imaging study. Arch Gen Psychiatry.
2004;61:1085–96.
29. Kates WR, Antshel KM, Faraone SV, Fremont WP, Higgins AM,
Shprintzen RJ, et al. Neuroanatomic predictors to prodromal
psychosis in velocardiofacial syndrome (22q11.2 deletion syn-
drome): a longitudinal study. Biol Psychiatry. 2011;69:945–52.
30. Dufour F, Schaer M, Debbane M, Farhoumand R, Glaser B, Eliez
S. Cingulate gyral reductions are related to low executive func-
tioning and psychotic symptoms in 22q 11.2 deletion syndrome.
Neuropsychologia. 2008;46:2986–92.
31. Bearden CE, Thompson PM. Emerging global initiatives in neu-
rogenetics: The Enhancing Neuroimaging Genetics through Meta-
analysis (ENIGMA) Consortium. Neuron. 2017;94:232–6.
32. Thompson PM, Andreassen OA, Arias-Vasquez A, Bearden CE,
Boedhoe PS, Brouwer RM, et al. ENIGMA and the individual:
Predicting factors that affect the brain in 35 countries worldwide.
Neuroimage. 2017;145:389–408.
33. Thompson PM, Stein JL, Medland SE, Hibar DP, Vasquez AA,
Renteria ME, et al. The ENIGMA Consortium: large-scale col-
laborative analyses of neuroimaging and genetic data. Brain
Imaging Behav. 2014;8:153–82.
34. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C,
et al. Whole brain segmentation: automated labeling of neuroa-
natomical structures in the human brain. Neuron. 2002;33:341–55.
35. Schmaal L, Hibar DP, Samann PG, Hall GB, Baune BT, Jahan-
shad N, et al. Cortical abnormalities in adults and adolescents with
major depression based on brain scans from 20 cohorts worldwide
in the ENIGMA Major Depressive Disorder Working Group. Mol
Psychiatry. 2017;22:900–9.
36. Hibar DP, Westlye LT, Doan NT, Jahanshad N, Cheung JW,
Ching CRK, et al. Cortical abnormalities in bipolar disorder: an
MRI analysis of 6503 individuals from the ENIGMA Bipolar
Disorder Working Group. Mol Psychiatry. 2017;23:932–42.
37. Joyner AH, J CR, Bloss CS, Bakken TE, Rimol LM, Melle I, et al.
A common MECP2 haplotype associates with reduced cortical
surface area in humans in two independent populations. Proc Natl
Acad Sci USA. 2009;106:15483–8.
38. Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC,
Blacker D, et al. An automated labeling system for subdividing
the human cerebral cortex on MRI scans into gyral based regions
of interest. Neuroimage. 2006;31:968–80.
39. Cohen J. A power primer. Psychol Bull. 1992;112:155–9.
40. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc
Ser B. 1995;57:289–300.
41. R Core Team. R: a language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna,
Austria. 2014. http://www.R-project.org/
42. Friedman J, Hastie T, Tibshirani R. Regularization paths for
generalized linear models via coordinate descent. J Stat Softw.
2010;33:1–22.
43. Kuhn M. Caret: classiﬁcation and regression training. 2016.
https://github.com/topepo/caret
44. Gur RE, Bassett AS, McDonald-McGinn DM, Bearden CE, Chow
E, Emanuel BS, et al. A neurogenetic model for the study of
schizophrenia spectrum disorders: the International 22q11.2
Deletion Syndrome Brain Behavior Consortium. Mol Psychiatry.
2017;22:1664–72.
45. van Erp TG, Hibar DP, Rasmussen JM, Glahn DC, Pearlson GD,
Andreassen OA, et al. Cortical abnormalities in schizophrenia: An
ENIGMA Schizophrenia Working Group Mega-Analysis. Biol
Psychiatry. 2018, in press.
46. Sorensen KM, Agergaard P, Olesen C, Andersen PS, Larsen LA,
Ostergaard JR, et al. Detecting 22q11.2 deletions by use of mul-
tiplex ligation-dependent probe ampliﬁcation on DNA from neo-
natal dried blood spot samples. J Mol Diagn. 2010;12:147–51.
47. van Erp TG, Hibar DP, Rasmussen JM, Glahn DC, Pearlson GD,
Andreassen OA, et al. Cortical abnormalities in schizophrenia: An
ENIGMA Schizophrenia Working Group Meta-Analysis. Hum
Brain Mapp. Vol. 23. Vancouver, BC: 2017. S:1356.
48. Ellegood J, Markx S, Lerch JP, Steadman PE, Genc C, Pro-
venzano F, et al. A highly speciﬁc pattern of volumetric brain
changes due to 22q11.2 deletions in both mice and humans. Mol
Psychiatry. 2014;19:6.
49. Ellegood J, Markx S, Lerch JP, Steadman PE, Genc C, Pro-
venzano F, et al. Neuroanatomical phenotypes in a mouse model
of the 22q11.2 microdeletion. Mol Psychiatry. 2014;19:99–107.
50. Bassett AS, Chow EW, AbdelMalik P, Gheorghiu M, Husted J,
Weksberg R. The schizophrenia phenotype in 22q11 deletion
syndrome. Am J Psychiatry. 2003;160:1580–6.
51. Monks S, Niarchou M, Davies AR, Walters JT, Williams N,
Owen MJ, et al. Further evidence for high rates of schizophrenia
in 22q11.2 deletion syndrome. Schizophr Res. 2014;153:231–6.
52. Michaelovsky E, Frisch A, Carmel M, Patya M, Zarchi O, Green
T, et al. Genotype-phenotype correlation in 22q11.2 deletion
syndrome. BMC Med Genet. 2012;13:122.
53. Chow EW, Zipursky RB, Mikulis DJ, Bassett AS. Structural brain
abnormalities in patients with schizophrenia and 22q11 deletion
syndrome. Biol Psychiatry. 2002;51:208–15.
54. Carlson C, Sirotkin H, Pandita R, Goldberg R, McKie J, Wadey
R, et al. Molecular deﬁnition of 22q11 deletions in 151 velo-
cardio-facial syndrome patients. Am J Hum Genet.
1997;61:620–9.
55. Schaer M, Debbane M, Bach Cuadra M, Ottet MC, Glaser B,
Thiran JP, et al. Deviant trajectories of cortical maturation in
22q11.2 deletion syndrome (22q11DS): a cross-sectional and
longitudinal study. Schizophr Res. 2009;115:182–90.
56. Storsve AB, Fjell AM, Tamnes CK, Westlye LT, Overbye K,
Aasland HW, et al. Differential longitudinal changes in cortical
thickness, surface area and volume across the adult life span:
regions of accelerating and decelerating change. J Neurosci.
2014;34:8488–98.
57. Wierenga LM, Langen M, Oranje B, Durston S. Unique devel-
opmental trajectories of cortical thickness and surface area. Neu-
roimage. 2014;87:120–6.
58. Rakic P. Speciﬁcation of cerebral cortical areas. Science.
1988;241:170–6.
59. Rakic P. Young neurons for old brains? Nat Neurosci.
1998;1:645–7.
60. Rakic P, Lombroso PJ. Development of the cerebral cortex: I.
forming the cortical structure. J Am Acad Child Adolesc Psy-
chiatry. 1998;37:116–7.
61. Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace GL,
Greenstein D, et al. How does your cortex grow? J Neurosci.
2011;31:7174–7.
62. Guna A, Butcher NJ, Bassett AS. Comparative mapping of the
22q11.2 deletion region and the potential of simple model
organisms. J Neurodev Disord. 2015;7:18.
63. Meechan DW, Maynard TM, Tucker ES, Fernandez A, Karpinski
BA, Rothblat LA, et al. Modeling a model: mouse genetics,
22q11.2 deletion syndrome, and disorders of cortical circuit
development. Prog Neurobiol. 2015;130:1–28.
Large-cale mapping of cortical alterations in 22q11.2 Deletion syndrome: convergence with…
64. Paronett EM, Meechan DW, Karpinski BA, LaMantia AS, May-
nard TM. Ranbp1, deleted in DiGeorge/22q11.2 deletion syn-
drome, is a microcephaly gene that selectively disrupts layer 2/3
cortical projection neuron generation. Cereb Cortex.
2015;25:3977–93.
65. Sigurdsson T, Stark KL, Karayiorgou M, Gogos JA, Gordon JA.
Impaired hippocampal-prefrontal synchrony in a genetic mouse
model of schizophrenia. Nature. 2010;464:763–7.
66. Gur R, Bassett A, McDonald-McGinn D, Bearden C, Chow E,
Emanuel B, et al. A neurogenetic model for the study of schizo-
phrenia spectrum disorders: The International 22q11.2 Deletion
Syndrome Brain Behavior Consortium. Mol Psychiatry. 2018, in
press.
67. brainGraph: Graph Theory Analysis of Brain MRI Data. 2018,
https://github.com/cwatson/brainGraph. Accessed 23 Feb. 2018.
Afﬁliations
Daqiang Sun1,2 ● Christopher R. K. Ching1,3,4 ● Amy Lin1,4 ● Jennifer K. Forsyth1,5 ● Leila Kushan1 ● Ariana Vajdi1 ●
Maria Jalbrzikowski6 ● Laura Hansen1 ● Julio E. Villalon-Reina3 ● Xiaoping Qu3 ● Rachel K. Jonas1,4 ●
Therese van Amelsvoort7 ● Geor Bakker7 ● Wendy R. Kates8 ● Kevin M. Antshel9 ● Wanda Fremont8 ●
Linda E. Campbell10,11 ● Kathryn L. McCabe11,23 ● Eileen Daly13 ● Maria Gudbrandsen13 ● Clodagh M. Murphy13,14 ●
Declan Murphy13,14 ● Michael Craig13,15 ● Jacob Vorstman16,17,19 ● Ania Fiksinski16,18,19,20,21 ● Sanne Koops17 ●
Kosha Ruparel22 ● David R. Roalf22 ● Raquel E. Gur12,22 ● J. Eric Schmitt12,22 ● Tony J. Simon23 ●
Naomi J. Goodrich-Hunsaker23,24 ● Courtney A. Durdle23 ● Anne S. Bassett18,19,20,21 ● Eva W. C. Chow18,19 ●
Nancy J. Butcher16,18 ● Fidel Vila-Rodriguez25 ● Joanne Doherty26 ● Adam Cunningham 26 ●
Marianne B.M. van den Bree26 ● David E. J. Linden26 ● Hayley Moss26 ● Michael J. Owen 26 ● Kieran C. Murphy27 ●
Donna M. McDonald-McGinn28,29,30 ● Beverly Emanuel29,30 ● Theo G. M. van Erp 31 ● Jessica A. Turner 32,33 ●
Paul M. Thompson3,34 ● Carrie E. Bearden1,5
1 Department of Psychiatry and Biobehavioral Sciences, Semel
Institute for Neuroscience and Human Behavior, University of
California, Los Angeles, Los Angeles, CA, USA
2 Department of Mental Health, Veterans Affairs Greater Los
Angeles Healthcare System, Los Angeles, CA, USA
3 Imaging Genetics Center, Mark and Mary Stevens Neuroimaging
& Informatics Institute, Keck School of Medicine, University of
Southern California, Marina del Rey, CA, USA
4 Interdepartmental Neuroscience Program, University of California,
Los Angeles, Los Angeles, CA, USA
5 Department of Psychology, University of California, Los Angeles,
Los Angeles, CA, USA
6 Department of Psychiatry, University of Pittsburgh,
Pittsburgh, PA, USA
7 Department of Psychiatry & Neuropsychology, Maastricht
University, Maastricht, Netherlands
8 Department of Psychiatry and Behavioral Sciences, State
University of New York, Upstate Medical University,
Syracuse, NY, USA
9 Department of Psychology, Syracuse University, Syracuse, NY,
USA
10 PRC GrowUpWell, University of Newcastle, Newcastle, Australia
11 School of Psychology, University of Newcastle,
Newcastle, Australia
12 Department of Radiology, Division of Neuroradiology,
Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, USA
13 Sackler Institute for Translational Neurodevelopment and
Department of Forensic and Neurodevelopmental Sciences,
King’s College London, Institute of Psychiatry, Psychology &
Neuroscience, London, UK
14 Behavioural Genetics Clinic, Adult Autism Service, Behavioural
and Developmental Psychiatry Clinical Academic Group, South
London and Maudsley Foundation NHS Trust, London, UK
15 National Autism Unit, Bethlem Royal Hospital, Behavioural and
Developmental Psychiatry Clinical Academic Group, South
London and Maudsley Foundation NHS Trust, London, UK
16 Hospital for Sick Children, Toronto, ON, Canada
17 Department of Psychiatry, Brain Center Rudolf Magnus,
University Medical Center Utrecht, Utrecht, The Netherlands
18 Clinical Genetics Research Program, Centre for Addiction and
Mental Health, Toronto, Ontario, Canada
19 Department of Psychiatry, University of Toronto, Toronto, ON,
Canada
20 The Dalglish Family 22q Clinic, Department of Psychiatry, and
Toronto General Research Institute, University Health Network,
Toronto, ON, Canada
21 Campbell Family Mental Health Research Institute, Centre for
Addiction and Mental Health, Toronto, ON, Canada
22 Department of Psychiatry, University of Pennsylvania, and the
Lifespan Brain Institute, Penn Medicine and the Children’s
Hospital of Philadelphia, Philadelphia, PA, USA
23 UC Davis MIND Institute and Department of Psychiatry and
Behavioral Sciences, Davis, CA, USA
24 Department of Psychology, Brigham Young University,
Provo, UT, USA
25 Department of Psychiatry, University of British Columbia,
Vancouver, British Columbia, Canada
D. Sun et al.
26 MRC Centre for Neuropsychiatric Genetics and Genomics,
Division of Psychological Medicine and Clinical
Neurosciences, Cardiff University, Cardiff, UK
27 Department of Psychiatry, Royal College of Surgeons in
Ireland, Dublin, Ireland
28 Division of Human Genetics, The Children’s Hospital of
Philadelphia, Philadelphia, Pennsylvania, USA
29 Department of Pediatrics, The Perelman School of Medicine
at the University of Pennsylvania,
Philadelphia, Pennsylvania, USA
30 Division of Clinical Genetics, The Children’s Hospital of
Philadelphia, Philadelphia, Pennsylvania, USA
31 Department of Psychiatry and Human Behavior, University
of California, Irvine, Irvine, CA, USA
32 Imaging Genetics and Neuroinformatics Lab, Department of
Psychology, Georgia State University, Atlanta, GA, USA
33 Mind Research Network, Albuquerque, NM, USA
34 Departments of Neurology, Psychiatry, Radiology,
Engineering, Pediatrics and Ophthalmology, University of
Southern California, California, CA, USA
Large-cale mapping of cortical alterations in 22q11.2 Deletion syndrome: convergence with…
